Introduction
Transposition of the great arteries (TGA) is a common cyanotic congenital heart defect presenting in the new-born period. The early and long-term mortality and morbidity associated with TGA has been significantly reduced with the introduction and technical improvement of the arterial switch operation (ASO). 1 Coronary artery abnormalities remain the greatest risk factor for re-operation, mortality and long term morbidity, including late myocardial ischaemic events. [2] [3] [4] [5] [6] The primary objective of this study was to determine whether coronary with adverse myocardial events in the early post-operative period. We also studied how coronary Doppler flow measurements affected the need for surgical reintervention and how functional echocardiographic variables such as Tissue Doppler imaging and strain values change from the pre-operative to the post-operative period. A third objective was to compare the coronary artery flow patterns by TEE versus epicardial echocardiography.
Methods
The study was a prospective cohort study including patients with TGA undergoing the ASO in the new-born period at the Hospital for Sick Children, Toronto, Canada, and was approved by the Hospital's Research Ethics Board. All new-born cases < 3 months of age with TGA admitted to the Hospital for Sick Children who would undergo an ASO were eligible for our study. Informed consent was obtained from one or both parents.
Cases with associated cardiac abnormalities such as ventricular septal defect, pulmonary or aortic stenosis (not precluding the ASO), arch obstruction and mitral valve cleft were included. Patients with TGA and more complex cardiac anatomy that would not undergo an ASO (i.e. single ventricle physiology, severe pulmonary or aortic stenosis requiring a Nikaidoh operation, straddling atrioventricular valve) were excluded.
The primary endpoint was a composite myocardial ischaemic event (any of: post-operative ST changes, ventricular tachycardia, need for ECMO support). Post-operative ST changes were defined as either ST elevation or depression on the cardiac monitor in the operating room or the cardiac care unit. Ventricular tachycardia was defined as a wide complex tachycardia with associated decreased ventricular output. The secondary endpoints were need for surgical revision and/or cardiac catheterization with or without intervention, open sternum > 3 days, death, decreased left ventricular function (ejection fraction < 50% by transthoracic echocardiography) or echocardiographic evidence of increased right sided pressures post-operatively.
Clinical data
All patient demographic data were obtained, including the full cardiac diagnoses, hospital course and most recent clinical follow up. All details of the surgical repair including total bypass time/circulatory arrest, complications, use of inotropes in the operating room, need for pacing, chest open and use of ECMO was recorded. Post-operative adverse events including: chylothorax, wound infection requiring intravenous antibiotics, stroke, thromboses (major: large veins such as superior or inferior vena cava vs. smaller veins such as innominate vein, femoral vein) were recorded.
TEE and epicardial echocardiographic measurements
All intra-operative studies were performed using the IE33 (Philips Healthcare, USA) using the s7-3t TEE probe and/or the 12 mHz transthoracic probe. In the instance of the TEE probe not passing into the oesophagus, only an epicardial echo was performed. Standard TEE views included the four chamber view, two chamber, three chamber, sagittal and transgastric views to assess biventricular function, septal curvature, valvar regurgitation, outflow obstruction, proximal right and left pulmonary arteries and the coronary arteries as outlined in our previous publication. 7 The right (RCA) and left main coronary (LCA) and circumflex (CX) arteries were imaged by 2D in both the high four chamber view at an angle of 30-40 degrees, and in the sagittal view (when possible).
At least three consecutive Doppler tracings were obtained. Figure 1 demonstrates an example of a usual Doppler pulse wave tracing in the RCA and LCA. Velocity time integrals (VTI) were also measured. For the epicardial echocardiogram, the surgeon placed the probe directly onto the aortic root, and obtained a short axis view of the aortic valve with 2D images of both right and left coronary ostia in the same plane. Colour and Doppler measurements were obtained as described above.
All studies were digitally stored and reviewed off-line by a single investigator (LN) offline using the Syngo Dynamics system (Version 10, Siemens Healthcare, Germany) blinded to clinical outcome but knowing the pre-operative coronary anatomy.
Pre-and post-operative transthoracic echocardiogram measurements
All patients had a pre-discharge transthoracic echocardiogram on the GE Vivid E9 machine (GE,Ultrasound, USA). All echocardiograms and reports were reviewed for: biventricular function using standard M-mode and/or biplane Simpson's measurements, presence of mitral or aortic regurgitation graded as none, mild or moderate to severe, presence of increased right ventricular pressure using either an RVSP by tricuspid regurgitant jet þ 5 mmHg or known central venous pressure, the mean pulmonary artery pressure by pulmonary insufficiency jet þ 5 mmHg, or a flat or bowing septal curvature from the parasternal short axis view. Increased right sided pressure was defined as right ventricular systolic pressure > 25% arterial systolic pressure. Measurements of diastolic ventricular function, ventricular strain and Tissue Doppler Imaging were obtained as per published standards. 8 
Statistical analysis
Data are described as means with standard deviations, median with interquartile range (IQR) and frequencies as appropriate. Basic comparisons between groups performed using Fisher's exact test for all categorical variables. For TEE and Epi analysis, where data were paired, statistical significance was evaluated using McNemar v 2 and Wilcoxon signed-rank tests. Transthoracic functional echocardiographic parameters over time were evaluated with generalized estimation equations to accommodate unbalanced design. Associations of coronary Doppler flow patterns with functional parameters were modelled with linear regression models adjusted for repeated measures through a compound symmetry covariance structure (maximum likelihood method for parameter estimation). Associations of coronary Doppler flow patterns with patient outcomes were modelled with logistic regression models (maximum likelihood method for parameter estimation). All statistical analyses were performed using SAS v9.4 (SAS statistical software, Cary NC).
Results

Clinical outcome
From May 2009 to December 2012, 40 patients were enrolled. Table 1 depicts the clinical characteristics of the cohort. Thirty-one patients (78%) had usual coronaries (1LCx2R). Six patients had 1L2RCx, and one each had 2LRCx, 1R2LCx, 1LR2Cx, and 2RLCx. Two patients had an intramural left coronary artery. A balloon atrial septostomy was performed in 34 patients at a mean age of 2.2 ± 5.6 days. 
Coronary artery Doppler measurements
The most frequent Doppler pattern for the RCA (27/30, 90%), LCA (22/28, 79%), and CX (11/17, 65%) was a biphasic pattern in systole and diastole. There was retrograde flow noted in the RCA (7/29, 24%), LCA (8/28, 29%) and circumflex (4/17, 24%). The retrograde flow was most commonly seen in systole. Eleven cases had increased velocities (>100 cm/s) in the operating room by Doppler: LCA (n = 8), RCA (n = 1) or both RCA and LCA (n = 2). Of those, five required revision.
By TEE, the median VTI for the RCA was 0.112 (IQR 0.084-0.159), for the LCA was 0.117 (IQR 0.094-0.150) and for the Cx was 0.073 (IQR 0.047-0.131). The median peak diastolic flow velocity was 56 cm/s (range 28-163 cm/s) for the RCA, 61 cm/s (range 16-134 cm/s) for the LCA and 40 cm/s (range 15-69 cm/s) for the Cx. The median peak systolic flow velocity was lower than the diastolic peak for the RCA and LCA: 40 cm/s (range 15-219 cm/s) for the RCA, 35 cm/s (range 11-88 cm/s) for the LCA, and similar for the CX: 42 cm/s (range 12-66 cm/s).
Flow reversal in the LCA did not correlate with the LV ejection fraction, either in the early post-operative (54 ± 18% vs. 54 ± 21%, P = 0.95), pre-discharge (64 ± 7% vs. 64 ± 14%, P = 0.96) or at follow up (63 ± 14 vs. 67 ± 16%, P = 0.56).
Primary endpoint: myocardial ischaemic event A post-operative myocardial ischaemic event occurred in 7/40 cases (18%) ( Table 1) . These patients were younger at ASO (8.4 days, IQR 4-13 days vs 18 days, IQR 6-32 days, P = 0.008). The seven cases are described in detail in Table 2 . Five patients had ST changes. Three were in the operating room, and two occurred in the ICU within 3 h of the operation. Of the three cases in the operating room, two also had a cardiac arrest with ventricular tachycardia
Retrograde flow in the left coronary artery was strongly associated with the composite myocardial endpoint (Odds ratio (OR) 31.5, P = 0.004) and with having an open chest > 3 days (OR 6.67, P = 0.0537). The sensitivity was 28.6%, specificity 88.9%, positive predictive value 40%, negative predictive value 82.8%. For an open chest > 3 days, the sensitivity was 42.9%, specificity 92.6%, positive predictive value 60%, negative predictive value 86.2%. As expected, ST changes on the ECG in the operating room were associated with a myocardial event post-operatively (OR 37.3, P = 0.004). The VTI in the right coronary artery by epicardial echocardiography was associated with a myocardial event (OR 1.26, LCL 1.03, UCL 1.55, P = 0.03). A higher peak velocity in the RCA by epicardial echocardiography was also associated with a myocardial event (OR 1.09, LCL 1.00, UCL 1.19, P = 0.04). See Supplementary data online, Table S3 , Appendix depicts coronary artery Doppler parameters, ventricular function and myocardial ischaemia.
Secondary endpoints
Seven (18%) patients had an open chest for greater than 3 days. Flow reversal in the LCA was associated with an open chest > 3 days (OR 6.67, LCL 0.971, UCL 45.79, P = 0.054). Post-operative global LV dysfunction, pulmonary hypertension were not associated with any coronary flow abnormalities.
Need for surgical revision Three cases required a second cardiopulmonary bypass run for increased LCA Doppler velocities, and one for an increased RCA Doppler velocity. In one, the right pulmonary artery was repositioned to improve flow to the LCA (coronary pattern 1RL2Cx), in one, the LCA button was revised (1LCx2R), and in the final case (1LCx2R), adventitia was released around the LCA. In all three the LCA velocity improved. None had a myocardial event. The fourth Table 2 ) had increased velocities in both the LCA and RCA with flow turbulence at the RCA ostium along with ventricular tachycardia in the OR. Following release of adventitia surrounding the RCA, there was improvement of both LCA and RCA velocities at the end of the case.
A total of three cases required surgical revision of a coronary artery, either in the early post-operative period (case 1, Table 2 ), or in the late post-operative period (cases 3 and 6, Table 2 ). One required revision of the LCA later the same day, one developed LCA ostial atresia requiring surgical revision at 4 years of age, and the third case (with an intramural coronary artery) developed acute renal failure requiring dialysis. That case required surgical revision for supravalvar aortic stenosis, coarctation and underwent RCA release at 94 days of age. One case died at 5 months of age following prolonged ventilation, and the fifth case is currently alive and well but did require ECMO for 9 days post-operatively. Figures 2A and B demonstrate two cases before and after LCA revision.
There were three patients who required a surgical revision in the early post-operative period unrelated to the coronary arteries including: one excision of bands surrounding the superior vena cava causing obstruction, one ascending aorta þ pulmonary artery patch repair, one coarctation þ supravalvar aortic stenosis repair at 2, 94, and 38 days post-ASO.
Need for cardiac catheterization
Four patients (10%) underwent a diagnostic angiogram to rule out post-operative coronary artery stenosis, none required a catheter intervention (see Table 2 ). All four cases had an adverse myocardial event suggesting possible coronary ischaemia. One had ST changes and ventricular tachycardia in the operating room (case 1, Table 2 ). The LCA velocity was increased. The button was revised in the operating room, however he was having ongoing ventricular tachycardia in the ICU. He underwent reconstruction of the LCA anastomosis later that day. One had ST changes in the ICU; coronary angiogram was normal. A third had ventricular tachycardia in the operating room, and at 3 months of age had decreased LV function. The angiogram showed dynamic narrowing in the RCA and normal LCA. The final case had ventricular tachycardia and was put on ECMO for 9 days. The angiogram on post-operative day 1 showed diffusely small circumflex artery but no focal stenosis. Three patients had diagnostic angiograms for other reasons. One was for a suspected superior vena cava thrombus which was balloon dilated (2 weeks post-operatively), one for supravalvar aortic stenosis (18 months post-operatively), and one for severe right pulmonary artery stenosis and left pulmonary vein stenosis (2 months post-operatively). Abnormal coronary artery Doppler patterns were not associated with a cardiac catheterization postoperatively.
Comparison between TEE and epicardial imaging
The RCA was seen in 30/31 (97%) patients on TEE and 30/32 (94%) patients on epicardial, and the LCA was seen in 27/30 (90%) patients on TEE and 30/32 (94%) patients on epicardial-showing excellent agreement for both. See Supplementary data online, Table S4 , Appendix outlines the agreement between TEE and epicardial echo for the visualization of the coronary arteries, and the most common Doppler patterns seen. The circumflex was visualized by TEE in 25/ 38 (66%) and by epicardial echo in 25/35 (71%).
Transthoracic functional echocardiograms
The median age at pre-discharge echocardiogram was 22 days, (IQR: 13-32). The coronary artery flow patterns did not correlate with post-operative ventricular function. See Supplementary data online, Table S5 , Appendix depicts the baseline, early post-operative and pre-discharge transthoracic functional parameters compared with normal neonatal values. 9 Compared with pre-operative baseline measurements, all tissue Doppler parameters of ventricular function decreased in the early post-operative and pre-discharge periods (P < 0.001 normalized, although the other variables (LV lateral wall e' and a', and septal s', e', and a') remained in the abnormal range.
Discussion
Our study demonstrates that Doppler assessment of coronary flows by TEE or epicardial echocardiography in the immediate post-bypass period can add useful diagnostic information. First, increased Doppler velocities (>100 cm/s) in the coronary artery origins can help to identify proximal coronary artery stenosis due to mechanical problems with the re-implanted coronary artery button or due kinking of the proximal coronary artery. Secondly we observed that the presence of retrograde flow in the left coronary was associated with adverse myocardial events. Finally we demonstrated an excellent agreement between the TEE and epicardial Doppler patterns, demonstrating they can be used interchangeably. Over the past 10 years, our cardiac centre has routinely performed intraoperative TEE and epicardial echocardiograms for all patients undergoing the ASO. All echocardiographers are skilled in obtaining Doppler tracings of the coronary arteries, and the cardiac surgeons have come to rely on these findings to determine intraoperative management. The cardiac surgeons will re-intervene on the coronary artery button or surrounding tissue if an increase in the coronary artery Doppler velocity is noted. This is even if there is no clinical sign of myocardial ischaemia. If the coronary artery Dopplers are not clearly seen by TEE, then an epicardial echocardiogram is also performed to image both coronary buttons, and the circumflex artery. The surgeon will inspect the coronary button directly and will either release surrounding adventitial tissue, or suspend either the pulmonary artery or the aorta if this is noted to be causing any external compression. The echocardiographer will then reassess the coronary artery button using 2D, colour and Doppler imaging. We are starting to study other cardiac lesions involving intraoperative coronary artery manipulation, such as patients undergoing aortic valve or aortic root repair. We believe that adding this imaging to the operative case will ultimately improve long term outcome, although this will have to be studied in the future.
Our myocardial event rate of almost 20% was high but consistent with other series. 4, 10 Reversed flow in the LCA appears to be the most relevant for the occurrence of significant myocardial events in the early post-operative period for ASO patients. Systolic flow reversal in the coronary arteries has been observed in patients with aortic stenosis where the high systolic pressures in the myocardium early during systole exceed the systolic pressure in the epicardial coronary arteries. [11] [12] [13] A similar pattern has been observed in patients with hypertrophic cardiomyopathy. 14 The current study found that flow reversal in the coronary artery was a significant risk factor for an adverse myocardial outcome, which was not seen in our first publication. 7 This is likely due to the fact that in our previous retrospective study we could capture fewer cases with accurate Doppler tracings, especially of the left coronary artery. While in our retrospective study we only had coronary Doppler flow patterns in the RCA and LCA approximately 60% cases, this was increased to >90% of cases in the current study. The impact of coronary artery flow reversal on outcomes is consistent with findings in adults following percutaneous coronary interventions and in patients after surgical aortic valve replacement for severe stenosis, where retrograde coronary flow was also associated with adverse early outcomes. 11, 13, 15 Arterial blood flow patterns in the coronary artery system are generated by a combination of antegrade and reflected pressure waves. 16 Under normal conditions, reflected waves dampen antegrade flow but do not cause arterial flow reversal. The magnitude of a reflected pressure wave is dependent on the resistance to flow in the distal vascular bed. In a system with low distal resistance minimal reflected waves are generated while very high distal vascular resistance causes pronounced reflected pressure waves that can lead to flow reversal in the more proximal vessel (See Figure 3) . Reverse flow in the coronary arteries has been described acutely in the context of no reflow phenomenon due to prolonged ischaemia and microvascular edema. 17 We hypothesize that the observed coronary flow reversal is due to increased resistance in the distal microvascular coronary bed possibly related to microvascular injury. 18 or due to the effect of sympathetic denervation following transfer of the coronary button. 19 We performed serial functional studies using tissue Doppler and strain imaging after the ASO. As expected we found an early post-operative decrease in myocardial functional parameters. This was not associated with the coronary artery flow patterns. Most functional parameters improved during follow-up and also the recovery did not seem to be related to the early post-bypass coronary artery flow patterns. Given our relatively small cohort, the study may be underpowered to detect significant effects on functional parameters of coronary artery flows. Our findings related to tissue Doppler and strain imaging were observed in a recent longitudinal study demonstrating normalization of left ventricular performance within 9 months after surgery. 20 The long-term fate of the coronary arteries after the ASO remains a concern. In an angiographic study from the Paris group, coronary artery occlusion or major stenosis was described in up to 12% of all patients. 21 A CT angiography study suggested that one of the mechanisms contributing to left coronary artery stenosis was an abnormal anterior positioning of the coronary button resulting in more acute angulation of the proximal coronary course. 22 Other mechanisms include mechanical compression by adjacent structures such as the pulmonary artery and anatomic kinking. 22, 23 Residual coronary artery problems may be difficult to detect and can result in sudden death late after the ASO. 24 
Conclusion
Intra-operative evaluation of coronary artery flow patterns by TEE or epicardial echocardiography should be considered for all patients undergoing an ASO. 
Study limitations
The study was mainly limited by the small number of patients, and by incomplete functional echocardiographic data due to poor visualization of the myocardium in the immediate post-operative period. We were not able to obtain complete datasets for the follow up functional echocardiograms in all cases. This was in part due to the small size of the infant, and the difficulty obtaining accurate Tissue Doppler tracings and a clear 4 chamber view. The TEE was not performed simultaneous to the epicardial and therefore measures of flow were not exactly temporally related.
